Abstract. The purpose of quick-look analysis in the framework of the GOCE data processing architecture is to analyse partial data sets of satellite gravity gradiometry (SGG) and satellite-to-satellite tracking in high-low mode (hl-SST), in order to derive a diagnosis of the system performance. The semi-analytic (SA) method for gravity field recovery from GOCE observations, which is based on Fast Fourier Transform, is used. From a theoretical point of view, a number of requirements (circular, exact repeat orbit, uninterrupted measurement time series) have to be fulfilled. However, in the present paper it is demonstrated, that the SA approach can also be applied in the practical case of non-circular, nonrepeat orbits, and data gaps in the GOCE measurement time series. The performance of this approach is assessed in 5 case studies on the basis of a realistic closed-loop simulation.
Introduction
The satellite mission GOCE (Gravity field and steady-state Ocean Circulation Explorer; ESA, 1999) , the first Core Mission of ESA's Earth Explorer Program, strives for a highaccuracy, high-resolution model of the Earth's static gravity field, represented by spherical harmonic coefficients complete up to degree and order 300, which corresponds to a shortest spatial half-wavelength of less than 70 km.
The GOCE measurement system is based on a sensor fusion concept: satellite-to-satellite tracking in the high-low mode (hl-SST) using GPS, plus on-board satellite gravity gradiometry (SGG) . This data contains abundant information about the gravity field of the Earth on a near-global scale (except for the polar gaps due to the sun-synchronous orbit configuration), from very low (derived mostly from hl-SST) to high (derived mostly from SGG) frequencies.
Correspondence to: R. Pail (pail@geomatics.tu-graz.ac.at) An adequate quality assessment of the observation time series is a crucial component for reaching the mission goals. The purpose of quick-look analysis is to analyse partial data sets of SGG and hl-SST data, in order to derive a diagnosis of the GOCE system performance. The quick-look analysis will be performed in parallel to the mission, and successive preliminary gravity field models are computed in short time intervals based on the partial SST and SGG data. The major goal is to detect potential distortions of statistical significance (e.g. systematic errors), and to give a feedback to mission control with a minimum latency after the actual measurements.
This can be achieved by several strategies. Either the successively produced gravity field solutions are compared with an a priori defined reference model, where in a statistical test procedure the corresponding variance/covariance information is included. Another strategy is the spectral analysis of the residuals of the adjustment (Pail, 2002) and the comparison with the a priori known error power spectral density (PSD) of the gradiometer, again based on standard statistical tests, and the estimation of variance components.
The quick-look analysis tool is based on the semi-analytic approach, a fast algorithm for gravity field recovery from SGG and SST observations, using the sparseness of the normal equation matrix and a number of additional simplifying assumptions (e.g. circular orbit, exact repeat orbit, uninterrupted measurement time series). In the present paper we concentrate on strategies to overcome these restrictions in practical application. Special concern is given to strategies to cope with the colored noise behaviour of the gradiometer.
The performance of the quick-look tool is assessed on the basis of a realistic GOCE mission simulation, regarding the accuracy of the results, and special concern is given to the minimization of the computation effort. The numerical simulations include a realistic colored noise model and the problem of partial data sets and data gaps. 
Functional model
While in the direct gravity field solution strategies the observations are regarded as functions of the geographical location, they can also be considered as a periodic time series for one repeat period (cf. Rummel et al., 1993; Sneeuw, 2000) . Assuming a circular orbit, the gravitational potential V and also second order derivatives V αβ can be rewritten as a Fourier series
where ψ km (t) is related to the two fundamental frequencies ω o (satellite orbit revolution) and ω e (Earth's rotation). The spherical harmonic coefficientsC lm ,S lm of the same order m are lumped together in a linear way to compose the Fourier coefficients A km and B km :
whereF k lm (I ) denotes the inclination function, which depends on the orbit inclination I . The spectral transfer coefficients λ (αβ) lk express the relation between the spherical harmonicsC lm ,S lm and a specific observable V αβ .
In this SA approach (also frequently denoted as timewise approach in the frequency domain) in the first step the Fourier coefficients ('lumped coefficients') A km , B km are computed by FFT techniques, and in the second step the harmonic coefficientsC lm ,S lm are adjusted order by order from the pseudo-observations A km , B km , assuming a blockdiagonal structure of the normal equation system. In a strict sense, this algorithm only holds for -an uninterrupted sequence of observations -with constant sampling rate, measured -along a circular, -exact repeat orbit.
-The number of nodal days N E and orbital revolutions per repeat cycle N 0 must not have a common divisor, and -for the maximum resolvable harmonic degree holds:
Deviations from these requirements, such as non-circular orbits, non-repeat orbits, or data gaps in the measurement time series, are incorporated by means of an iterative procedure. Since this approach partially works in frequency domain, it provides a direct access to the spectral instrument characteristics, which can be implemented in the processing stream in a very direct and easy way. The spectral gradiometer properties can be described by the frequencydependent error variances σ km , which are included as a diagonal variance-covariance matrix of the pseudo-observations A km , B km in the course of the adjustment of the harmonic coefficients.
Numerical simulations and results
The numerical test simulation is based on the following configuration:
-Orbit: non-circular, sun-synchronous 61 days/982 revolutions repeat orbit with a mean altitude of 250 km.
-Measurement time series (either V zz or all 3 main diagonal elements V xx , V yy , V zz of the gradiometer tensor) with a sampling interval of 10 s.
-Signals based on the Earth model OSU91a (Rapp et al., 1991) complete up to degree and order 72.
-Realistic colored noise according to the Alenia (2001) specifications, generated by an auto-regressive moving average (ARMA) process (cf. Schuh et al., 1996; Pail and Plank, 2002) .
For the sake of consistency a test data set containing signals complete up to degree and order 72 is used throughout the paper, because the major intention was to demonstrate the effect of different configurations on the gravity solution. However, it should be emphasized, that the quick-look software was already successfully applied to systems up to degree and order 250.
Case Study 1: Radial component V zz -no noise
In the first case study, the method was first applied to "perfect measurements". The ground-track of the orbit closes exactly, and the simulated gradiometer measurements of the V zz component contain no noise. Figure 1 shows the convergence behaviour of the SA method in terms of the deviations of the estimated coefficients from the initial 'true' OSU91a model represented by a degree rms
for the first i = 1, . . . 17 iterations. Here (est) denotes the adjusted quantities and (OSU ) refers to our reference model OSU91a. Figure 1 demonstrates, that the computation converges to the level of the numerical accuracy, and the final R. Pail and M. Wermuth: GOCE SGG and SST quick-look gravity field analysis solution perfectly reproduces the input gravity field. This result is both a proof of the concept and of the correct implementation of the algorithm.
In the following case studies the behaviour of the method in the case of more realistic measurements will be demonstrated.
Case Study 2: Colored noise
According to the Alenia (2001) specifications, the gradiometer has a colored noise characteristics. The total error spectral density S(f ) of the gravity gradient tensor diagonal elements V xx , V yy , V zz is flat and shall not exceed S(f ) ≤ 4 mE/ √ H z in the measurement bandwidth (5 mH z ≤ f ≤ 100 mH z) in the local orbital reference frame. Outside the measurement bandwidth, the upper limit of the total error spectrum is specified by S(f ) ≤ 4 f min f mE/ √ H z below f min = 5 mH z and
H z above f max = 100 mH z, forming a spectrum of trapezoidal shape in log-log scale. Figure 2 shows a realization of the noise spectrum for the component V zz , generated by an ARMA process, which will be superimposed to the measurement time series in the following simulations. Figure 3 displays the convergence behaviour in the case of colored noise, where the solid curve indicates the final solution. Using not only the V zz component, but all three main diagonal elements of the gradiometer tensor V xx , V yy and V zz (including corresponding colored noise time series), leads to slightly improved results (cf. Fig. 3, light curve) . The final result is obtained in less than 30 min on a standard PC. Figure 4 illustrates the accuracy of the coefficient estimates in terms of gravity anomaly deviations from the initial OSU91a model. Figure 4a refers to the V zz solution, whereas Fig. 4b shows the deviations applying all three tensor components V xx , V yy , V zz . The dominant long-wavelength error behaviour reflects the decreased measurement accuracy below the measurement bandwidth (cf. Fig. 2 ). In practice, this problem will largely be captured by the SST component. The solution in Fig. 4b is mainly stabilized by the additional V yy component.
Case Study 3: Large data gaps + non-repeat orbit
In the previous case studies, a nearly perfect repeat orbit and a continuous data stream were assumed. If the orbit groundtrack does not close exactly, or if the measurement time series contain data gaps, the requirement of periodicity for the FFT is not fulfilled. Both effects lead to a distortion of the Fourier spectrum, and thus of the lumped coefficients. How- ever, as it will be demonstrated in the present case study, small lateral offsets (below 100 km), and data gaps of up to 50% of the whole repeat cycle, do not pose a problem for the iterative solution (provided that the number of data is sufficient for the selected maximum degree of resolution to ensure redundancy and a global data distribution), but reduce the rate of convergence. A series of tests with varying lateral offsets and increasing data gaps were carried out in a noisefree scenario. Figure 5 illustrates, that the convergence rate (the ratio between the residuals after and before one iteration step) depends on the lateral offset, and on the size of the data gaps.
Case Study 4: Large data gaps + colored noise
In this simulation we investigate the effect of data gaps in the case of a realistic colored noise applied to the measurement time series. Here the last 30% of the V xx , V yy and V zz data sets are eliminated. Figure 6 illustrates the convergence behavior of this configuration, where the black solid curve indicates the final solution. As a reference, the result using the complete data sets is plotted in light color. Compared with the uninterrupted case (cf. Sect. 3.2), the data gap leads to a slower rate of convergence, but the accuracy of the results is only slightly decreased, which is simply due to the fact that a smaller number of data was processed. The speed of convergence can be improved using a priori gravity field information for filling the data gaps in the first iteration. In practice, in addition to large data gaps and partial data sets also short-term failure of the gradiometer has to be expected, leading to short data gaps in the GOCE measurement time series. In this last case study, we simulate short-term gaps (10 s to 10 min), which occur randomly about once per orbit revolution. Figure 7 shows the convergence behaviour of this configuration. The convergence rate can be increased by filling the data gaps with a priori gravity field information -in the present case simulated gravity gradients based on the Earth model EGM96 (Lemoine et al., 1998) are used -in the first iteration, and by interpolation within the data gaps in the subsequent iterations. Obviously, the procedure converges very fast towards an optimum solution. For comparison, the final solution of the uninterrupted case (cf. Sect. 3.2) is displayed in light color, demonstrating, that there is no significant difference between the two solutions.
Conclusions
In this paper we present the semi-analytic approach as an extremely fast method which suggests itself to be used as a quick-look tool, applied to derive a diagnosis of the GOCE system performance. It is demonstrated that the theoretical restrictions of the method (uninterrupted measurement time series, circular, exact repeat orbit, ...) can be overcome in practical application by an iterative procedure.
The method was successfully applied in the case of realistic orbits and colored noise characteristics of the gradiometer. It can be used to analyse partial data sets, and it works also in the case of large or short-term data gaps in the GOCE measurement time series. 
